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(54) PROJECTION OPTICAL SYSTEM, METHOD FOR PRODUCING THE SAME, AND 
PROJECTION EXPOSURE APPARATUS USING THE SAME 



(57) In a projection optical system having at least 
two silica glass optical members, a birefringence value 
is measured at each of points in a plane normal to the 
optical axis with the center at an intersection of each 
optical member with the optical axis, a distribution of 
signed birefringence values in each optical member is 
obtained by assigning a positive sign to each birefrin- 
gence value when a direction of the fast axis thereof is 
a radial direction to the intersection with the optical axis 
and assigning a negative sign to each birefringence 
value when the direction of the fast axis thereof is nor- 
mal to the radial direction, and the optical members are 
combined with each other so as to satisfy such a place- 
ment condition that a signed birefringence characteris- 
tic value of the entire projection optical system 
calculated based on the distributions of signed birefrin- 
gence values is between -0.5 and +0.5 nm/cm both 
inclusive. This permits minimization of influence from 
nonuniform distribution of birefringence values in the 
optical members on the imaging performance of the 
projection optical system or on the resolution of projec- 
tion exposure apparatus and in turn enables provision of 
the projection optical system with high imaging perform- 
ance, a production method thereof, and the projection 
exposure apparatus capable of achieving high resolu- 
tion. 
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Description 

Technical Field 

5 [0001] The present invention relates to a projection optical system, a production method thereof, and a projection 
exposure apparatus using it. More particularly, the invention concerns a projection optical system used for transferring 
a predetermined mask pattern onto a substrate by use of a light source of an ultraviolet region suitable for semiconduc- 
tor fabrication, a production method thereof, and a projection exposure apparatus using it. 

10 Background Art 

[0002] An example of the conventional projection exposure apparatus for semiconductor fabrication is one having 
the structure as illustrated in Fig. 16A and Fig. 16B. 

[0003] Specifically, the projection exposure apparatus 800 illustrated in Fig. 16A is constructed in such structure 
15 that rays from a light source 501 such as a mercury-arc lamp or the like are collected by an ellipsoidal mirror 502 and 
that thereafter they are converted into a bundle of parallel rays by a collimator lens 503. Then this parallel beam travels 
through a fly's eye lens 504, which is an aggregate of optical elements 504a of a square section as illustrated in Fig. 
16B, to form a plurality of light source images on the exit side thereof. An aperture stop 505 having a circular aperture 
is disposed at the position of the light source images. Beams from the plurality of light source images are condensed 
20 by a condenser lens 506 to uniformly illuminate a reticle R as an object to be illuminated, in superimposed fashion. 
[0004] A pattern on the reticle R kept under uniform illumination by the illumination optical system in this way is pro- 
jected onto a wafer W coated with a resist, by a projection optical system 507 consisting of a plurality of lenses. This 
wafer W is mounted on a wafer stage WS, which is arranged to move two-dimensionally, and the projection exposure 
apparatus 800 of Fig. 16A is designed to perform exposure by the so-called step-and-repeat method in which the wafer 
25 stage is successively moved two-dimensionally in order to implement exposure in a next shot area after completion of 
exposure in one shot area on the wafer. 

[0005] In recent years proposals have been made about such scanning exposure methods that a rectangular or 
arcuate beam was radiated onto the reticle R and that the reticle R and wafer W located in conjugate with each other 
with respect to the projection optical system 507 were moved in a fixed direction whereby the pattern of the reticle R 

30 could be transferred in high throughput onto the wafer W. 

[0006] in the projection exposure apparatus in either of the above methods, it is desirable that optical members 
used in their optical systems have high transmittance at the wavelength of the light source used. The reason is as fol- 
lows: the optical systems of the projection exposure apparatus are constructed of a combination of many optical mem- 
bers; even if optical loss per lens is little the total transmittance will be decreased greatly when the optical loss is added 

35 up by the number of optical members used. If an optical member inferior in transmittance were used, it would absorb 
the exposure light to increase the temperature of the optical member itself and thus cause heterogeneity of refractive 
index and, in turn, local thermal expansion of the optical member would deform polished surfaces. This would degrade 
the optical performance. 

[0007] On the other hand, the projection optical systems are required to have high homogeneity of refractive index 
40 of the optical members in order to achieve a finer and sharper projection exposure pattern. The reason is that variations 
in refractive index will cause a lead and a lag of light and this will greatly affect the imaging performance of the projection 
optical system. 

[0008] Thus silica glass or calcium fluoride crystals high in transmittance in the ultraviolet region and excellent in 
homogeneity are generally used as materials for the optical members used in the optical systems of the projection 

45 exposure apparatus in the ultraviolet region (not more than the wavelength of 400 nm). 

[0009] Proposals of decreasing the wavelength of the light source have been made recently in order to transfer a 
finer mask pattern image onto the wafer surface, that is, in order to enhance the resolution. For example, decrease of 
wavelength into a shorter range is under way front the g-line (436 nm) and the Mine (365 nm), which have been used 
heretofore, to KrF (248 nm) and ArF (193 nm) excimer lasers. 

so [0010] In the projection exposure using such shorter-wavelength excimer lasers, since the purpose is to obtain the 
finer mask pattern, the materials used are those with higher performance as to the homogeneity of transmittance and 
refractive index. 

Disclosure of the Invention 

55 

[0011] With use of such materials having the high homogeneity of transmittance and refractive index, however, 
there were cases wherein desired resolution was not obtained after the optical system was assembled in combination 
of plural materials. 
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[0012] An object of the present invention is, therefore, to provide a projection optical system having high imaging 
performance, a production method thereof, and a projection exposure apparatus capable of achieving high resolution. 
[0013] The inventors have conducted intensive and extensive research in order to accomplish the above object and 
first found out that birefringence of the materials of the optical members greatly affected the imaging performance of the 

5 projection optical system and the resolution of the projection exposure apparatus. Then the inventors discovered that 
the imaging performance close to designed performance of the projection optical system and the resolution close to 
designed performance of the projection exposure apparatus were attained if the magnitude of birefringence, i.e., bire- 
fringence values (absolute values) of the materials of the optical members were not more than 2 nm/cm and if distribu- 
tion of birefringence was symmetric with respect to the center in the optical members, and disclosed it in Japanese 

10 Patent Application Laid-Open No. 8-107060. 

[0014] With increase in demands for much higher resolution of the projection exposure apparatus, however, there 
were cases wherein satisfactory imaging performance of the projection optical system and satisfactory resolution of the 
projection exposure apparatus were not attained even with employment of the above conventional design concept if 
light of the shorter wavelength was used as a light source or if an optical member having a large diameter and a large 

15 thickness was used. 

[0015] Thus the inventors have conducted further research and, as a result, discovered that the cause of failing to 
obtain the projection optical system and projection exposure apparatus of desired optical performance even with use of 
the optical members having good homogeneity of transmittance and refractive index was that distribution states of bire- 
fringence of the optical members differed among the optical members, the different birefringence distributions were 
20 added up in the overall optical system where the projection optical system was constructed in combination of a plurality 
of optical members, and this resulted in disturbing the wavefront of the light in the overall optical system, thereby greatly 
affecting the imaging performance of the projection optical system and the resolution of the projection exposure appa- 
ratus. 

[0016] Describing the above in more detail, the conventional ways of evaluating the birefringence of optical mem- 

25 bers were nothing but arguments about whether the magnitude (absolute values) was high or low, and there was no 
concept of the above distribution of birefringence in the optical members at all, either. For example, for measuring the 
birefringence of a silica glass member, it was common recognition to those skilled in the art to measure the birefrin- 
gence at several points near 95% of the diameter of the member and employ a maximum as a birefringence value in 
the member. However, the inventors precisely measured the distribution of birefringence of silica glass members and 

30 found that the actual distribution of birefringence was nonuniform. 

[0017] Therefore, the inventors found out that influence of birefringence in each member was not able to be evalu- 
ated sufficiently by simply managing the maximum of birefringence values at several points in the member even if the 
silica glass member had high uniformity of refractive index and, particularly, that it was very difficult to obtain an optical 
system of desired performance in combination of plural members. The reason why such nonuniform distribution of bire- 

35 fringence values is formed in the silica glass member is conceivably that the nonuniform distribution of birefringence 
values is formed in the member during cooling of the silica glass member because of temperature distribution during 
synthesis, nonuniform distribution of impurities, or nonuniform distribution of structural defects of SiC^. 
[0018] ' Since the evaluation of birefringence in the overall optical system constructed of a plurality of optical mem- 
bers was not able to be expressed simply by only the magnitude of birefringence in the individual optical members as 

40 discussed above, the inventors precisely investigated how the nonuniform distribution of birefringence values in the 
optical members affected the optical system. As a result, the inventors first discovered that, with attention being focused 
on directions of the fast axis as to the nonuniform distribution of birefringence values, the birefringence values were 
added up to negatively affect the performance of the optical system when the optical system was constructed of optical 
members having their respective distributions of birefringence values with the same direction of the fast axis, and that 

45 negative effects due to the birefringence of the individual members canceled out in the overall optical system where 
optical members having different directions of the fast axis were combined coarsely, and thus accomplished the 
present invention. 

[0019] Namely, a projection optical system of the present invention is a projection optical system having at least two 
silica glass optical members, wherein the optical members are combined with each other so as to satisfy such a place- 
so ment condition that a signed birefringence characteristic value of the entire projection optical system is between -0.5 
and +0.5 nm/cm both inclusive, said signed birefringence characteristic value being calculated in such a manner that a 
birefringence value is measured at each of points in a plane normal to the optical axis with a center at an intersection 
with the optical axis in each optical member, a distribution of signed birefringence values in each optical member is 
obtained based on a plurality of birefringence values and directions of the fast axis thereof, and the signed birefringence 
55 characteristic value of the entire optical system is calculated based on the distributions of signed birefringence values. 
[0020] When the optical members are combined so as to satisfy the above placement condition based on the 
signed birefringence values, the nonuniform distributions of birefringence values in the individual optical members can 
be quantitatively evaluated with attention on the directions of the fast axis and the optical system can be assembled 
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while quantitatively estimating the signed birefringence characteristic value of the entire optical system from the signed 
birefringence values of the optical members so as to cancel the distributions of birefringence in the optical members 
with each other, thereby obtaining the projection optical system with good imaging performance. 
[0021] A projection exposure apparatus of the present invention is a projection exposure apparatus comprising an 
exposure light source, a reticle in which a pattern original image is formed, an illumination optical system for illuminating 
the reticle with light emitted from the exposure light source, a projection optical system for projecting a pattern image 
outputted from the reticle, onto a photosensitive substrate, and an alignment system for achieving alignment of the pho- 
tosensitive substrate with the reticle, wherein the projection optical system is the projection optical system of the 
present invention described above. 

[0022] The provision of the projection optical system of the present invention permits the projection exposure appa- 
ratus of the present invention to attain excellent resolution. 

[0023] Further, a production method of the projection optical system according to the present Invention is a produc- 
tion method of a projection optical system having at least two silica glass optical members, the production method com- 
prising a step of measuring a birefringence value at each of points in a plane normal to the optical axis with a center at 
an intersection with the optical axis in each optical member arid obtaining a distribution of signed birefringence values 
in the plane normal to the optical axis, based on a plurality of birefringence values and directions of the feet axis thereof, 
a step of calculating a signed birefringence characteristic value of the entire projection optical system, based on the dis- 
tributions of signed birefringence values of the respective optical members, and a step of combining the optical mem- 
bers with each other so as to satisfy such a placement condition that the signed birefringence characteristic value of the 
entire projection optical system is between -0.5 and +0.5 nm/cm both inclusive. 
[0024] The concept of "signed birefringence value" in the present invention will be described below. 
[0025] The signed birefringence value means a birefringence value provided with a sign in consideration of the 
direction of the fast axis defined in the index ellipsoid in the measurement of birefringence values of an optical member. 
[0026] More specifically, in the plane normal to the optical axis with the center at the intersection between the opti- 
cal member and the optical axis, an area under circular irradiation of light is defined as a nearly circular, effective sec- 
tion, the plus (or minus) sign is assigned to a birefringence value measured when the direction of the fast axis in a small 
area at a birefringence measuring point on this effective section is parallel to a radial direction from the center at the 
intersecting point between the optical member and the optical axis, and the minus (or plus) sign is assigned when per- 
pendicular. * | 
[0027] The above sign assigning method to the birefringence values can also be applied to cases wherein a plural- 
ity of beams are radiated into the plane normal to the optical axis with the center at the intersecting point between the 
optical member and the optical axis. In such cases, the plus (or minus) sign is assigned to a birefringence value meas- 
ured when the direction of the fast axis in a small area at a birefringence measuring point on an effective section of each 
of the areas under illumination with the plurality of beams is parallel to a radial direction from the center at the intersec- 
tion between the optical member and the optical axis, and the minus (or plus) sign is assigned when perpendicular. 
[0028] Further, the above sign assigning method to the birefringence values can also be applied to cases wherein 
the beams have the shape other than the circular cross section in the plane normal to the optical axis with the center at 
the intersection between the optical member and the optical axis, for example, to cases of beams of a ring cross section 
or an elliptic cross section. In these cases, the plus (or minus) sign is assigned to a birefringence value measured when 
the direction of the fast axis in a small area at a birefringence measuring point on an effective section of each of the 
areas under illumination with the plurality of beams is parallel to a radial direction from the center at the intersection 
between the optical member and the optical axis, and the minus (or plus) sign is assigned when perpendicular. 
[0029] The following will describe the cases wherein the plus sign is assigned to a birefringence value measured 
when the direction of the fast axis in the small area at the birefringence measuring point on the effective area under irra- 
diation with the beam is parallel to a radial direction from the center at the intersection between the optical member and 
the optical axis and the minus sign is assigned when perpendicular. 

[0030] The signed birefringence value will be described below in further detail with reference to Fig. 1A, Fig. 1B, 
Fig. 2A, Fig. 2B, Fig. 3A, and Fig. 3B. . 
[0031] Fig 1 A is a schematic diagram to show directions of the fast axis at birefringence measuring points P 11( K 12 , 
P 13 and P 14 the distance r 1( r 2 , r 3 , or r 4 , respectively, apart from the center O on the effective section of the optical 
member L1 In this figure the birefringence measuring points to P 14 are positioned on a straight line Q t extending 
radially through the center O, for convenience's sake of description. In the figure, the size of a small area indicated by 
a circle at each measuring point corresponds to an optical path difference at each measuring point Directions of seg- 
ments Wn W 12 W 13 , and W 14 in these small areas indicate the directions of the fast axis. Since all the directions of 
the fast axis at the measuring points Pi t to P 14 are parallel to the direction of the straight line Q 1( i.e., to the radial direc- 
tion all the birefringence values at the measuring points P u to P 14 are expressed with the plus sign. When these 
signed birefringence values A 11( A 12 , A 13 , A 14 at the measuring points P tl to P 14 illustrated in Fig. 1 A, obtained as 
described above are plotted against the distance in the radial direction, the distribution obtained is, for example, the 
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profile as illustrated In Fig. 1 B. 

[0032] Fig. 2A is a schematic diagram to show directions of the fast axis at birefringence measuring points P 21 , P 22 , 
P 23i p 24 the distance r 1( r 2> r 3 , or r 4 , respectively, apart from the center 0 2 on the effective section of the optical member 
L2, similarto Fig 1A. In this case, since all the directions of the fast axis w 21l w 22l w 23 , W 24 at the measuring points P 21 
5 to P 24 are normal to the direction of the straight line Q 2 , i.e., to the radial direction, all the signed birefringence values 
A 21 , A 22l A 23 , A 24 at the measuring points P 21 to P 24 are expressed with the minus sign. When these signed birefrin- 
gence values A 21 to A 24 at the measuring points P 21 to P 21 illustrated in Fig. 2A, obtained as described above, are plot- 
ted against the distance in the radial direction, the distribution obtained is, for example, the profile as illustrated in Fig. 
2B. 

10 [0033] Fig. 3B is a schematic diagram to show directions of the fast axis at birefringence measuring points P 31l P 32l 
P^, and P^ the distance rj , r 2 , r 3 , r 4 , or r & respectively, apart from the center O on the effective section of the optical 
member L2, similarto Fig 1A. In this case, the directions of the fast axis W 31 , W^, W^, W^, and at the measuring 
points P u to P 14 are such that those at the measuring points P 31 to P^ are parallel to the direction of the straight line 
Q 3 , i.e., to the radial direction and those at the measuring points P^, P w are perpendicular to the radial direction, and 

15 thus the distribution of the signed birefringence values A 31 to A^ at the measuring points P 31 to P^ against the dis- 
tance in the radial direction is the profile as illustrated in Fig. 2B. 

[0034] Next, the "signed birefringence characteristic value of the entire projection optical system" in the present 
invention will be described below based on Fig. 4A and Fig. 4B, 

[0035] Fig. 4A is a schematic side view in which m optical members constituting the projection optical system are 
20 arranged in order from the light source. Fig. 4B is a schematic, cross-sectional view to showthe effective section normal 
to the optical axis, of the optical member Li located at the ith position from the light source out of the in optical members 
illustrated in Fig. 4A. 

[0036] In the present invention, it is assumed that the distribution of birefringence values in the optical member is 
uniform in the direction of the thickness of the member parallel to the optical-axis direction but nonuniform in the radial 

25 direction on the effective section normal to the optical axis. Here the "effective section" means an area under irradiation 
of light in the plane normal to the optical axis of the optical member. An intersection of the effective section with the opti- 
cal axis is defined as a center of the effective section and the radius thereof as an effective radius of the effective section 
of the optical member. In the measurement of the signed birefringence characteristic value of the entire projection opti- 
cal system, since the sizes of the effective sections are different among the optical members, the sizes of the effective 

30 sections of all the optical members are preliminarily normalized so that the maximum effective radius r n of each optical 
member becomes one as illustrated in Fig. 4A. 

[0037] When a plurality of beams are radiated into the plane normal to the optical axis with the center at the inter- 
section between the optical member and the optical axis, the sizes of the effective sections of all the optical members 
are preliminarily normalized so that the maximum effective radius r n of each optical member becomes one for each of 

35 the effective sections corresponding to the individual beams. 

[0038] Further, in the cases wherein beams having the shape other than the circular cross section, for example, 
beams of the ring section or the elliptic section are radiated into the plane normal to the optical axis with the center at 
the intersection between the optical member and the optical axis, the sizes of the effective sections of all the optical 
members are also preliminarily normalized so that the maximum effective radius r n of each optical member becomes 

40 one for each of the effective sections corresponding to the individual beams. 

[0039] For example, when the beams of the ring section are radiated, the sizes of the effective sections of all the 
optical members are preliminarily normalized so that the maximum outside radius of the ring becomes one, and the 
measurement of signed birefringence values can be performed in a manner similarto the measurement with the beams 
of the circular cross section described hereinafter. When the beams of the elliptic section are radiated, the sizes of the 

45 effective sections of all the optical members are preliminarily normalized so that the maximum outside length of the 

^major-axis j>Uhe_ellipse_becom Qfsjgned birefring.^ out in a 

manner similar to the measurement with the beams of the circular section described below. 

[0040] For measuring the signed birefringence characteristic value of the entire projection optical system, a first 
step is to establish a hypothetical model of concentric circles Cg with the center Oi and with their respective radii from 

so the center on the effective section for one optical member Li, as illustrated in Fig. 4B. Then a birefringence value is 
measured at the kth measuring point P jjk on the jth concentric circle C 5 with the radius of rj from the center Oj. Further, 
the sign is assigned to the measurement from the relation between the direction of the fast axis and the radial direction 
at the measuring point Py k to obtain the signed birefringence value Ag k at the measuring point Py k . 
[0041] Here the character T represents the numbers (i = 1, 2 m; 2 <, m) of the optical members L forming the 

55 projection optical system. Further, the character M j" represents the numbers (j = 1 , 2,..., n; 1 <, n) of the concentric circles 
C with the center on the optical axis and with their respective radii from the optical axis different from each other, hypo- 
thetically given on the effective section normal to the optical axis in the optical member L Further, the character "k" rep- 
resents the numbers (k= 1, 2,..., h; 1 £ h) of measuring points on the circumference of the concentric circles C. In this 
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way the signed birefringence values Ayi to Ajj k are measured at the predetermined measuring points P^j to on each 
single concentric circle Cy. 

[0042] Then an average signed birefringence value By, which is an arithmetic mean of the signed birefringence val- 
ues at the measuring points on the circumference of the concentric circle Cy in the optical member Li, is calculated 
according to the equation below. 



^-■^r- («) 



15 [0043] Then Ey, which indicates an average signed birefringence amount as the product of the average signed bire- 
fringence value By and the apparent thickness Tj, is calculated according to the equation below. 

Ey^ByXT, (5) 

20 [0044] In this equation Tj represents the apparent thickness of the optical member Li. This apparent thickness is 
either one properly selected from an average of thicknesses in the effective section of the optical member Li and an 
effective thickness based on matching with other members above and below the optical member Li when placed in the 
optical system. 

[0045] Then an average change amount Gj of signed birefringence values, which is a result of division of the sum- 
25 mation of average signed birefringence amounts Ey in the entire projection optical system by the total path length D, is 
calculated according to the equation below. 



30 G '-» < 3 > 



35 [0046] In this equation D represents an apparent total path length of the entire projection optical system indicated 
by the following equation. 

0 = £r ; (4) 

40 M 



[0047] Then the signed birefringence characteristic value H of the entire projection optical system, which is a result 
of division of the summation of average change amounts G, of the signed birefringence values in the entire projection 
45 optical system by the number n of concentric circles, is calculated according to the equation below: 




[0048] When the signed birefringence characteristic value H of the entire projection optical system thus calculated 
55 satisfies the following equation, the entire projection optical system demonstrates excellent imaging performance and 
the projection exposure apparatus provided with such a projection optical system shows excellent resolution. 



-0.5 £ H £ +0.5 nm/cm 



d) 
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Brief Description of the Drawings 
[0049] 

5 Fig. 1A is an explanatory diagram to show the concept of signed birefringence values and Fig. 1B is a graph to 
show the distribution of singed birefringence values in the optical member illustrated in Fig. 1 A. 
Fig. 2A is another explanatory diagram to show the concept of signed birefringence values and Fig. 2B is a graph 
to show the distribution of singed birefringence values in the optical member illustrated in Fig. 2A. 
Fig. 3A is another explanatory diagram to show the concept of signed birefringence values and Fig. 3B is a graph 

10 to show the distribution of singed birefringence values in the optical member illustrated in Fig. 3A. 

Fig. 4A is a side view to show a plurality of optical members constituting a projection optical system and Fig. 4B is 
a cross-sectional view of the optical member forming the projection optical system of Fig. 4A. 
Fig. 5 is a schematic, structural diagram to show an example of the projection optical system of the present inven- 
tion. 

15 Fig. 6 is a flowchart to show an example of the production method of the projection optical system according to the 
present invention. 

Fig. 7 is an explanatory diagram to illustrate a furnace for synthesis of a silica glass ingot used in the present inven- 
tion. 

Fig. 8A is a cross-sectional view of an optical member to show measuring points of signed birefringence values in 
20 the optical member forming the projection optical system of the present invention and Fig. 8B is a graph to show a 
distribution of average signed birefringence values in the optical member illustrated in Fig. 8A. 
Fig. 9A is a cross-sectional view of another optical member to show measuring points of signed birefringence val- 
ues in the optical member forming the projection optical system of the present invention and Fig. 9B is a graph to 
show a distribution of average signed birefringence values in the optical member illustrated in Fig. 9A. 
25 Fig. 1 0A is a cross-sectional view of another optical member to show measuring points of signed birefringence val- 
ues in the optical member forming the projection optical system of the present invention and Fig. 1 0B is a graph to 
show a distribution of average signed birefringence values in the optical member illustrated in Fig. 10A. 
Fig. 11 is a schematic, structural diagram to show an example of the projection exposure apparatus of the present 
invention. 

30 Fig. 12A and Fig. 12B are explanatory diagrams to show an example of the structure of the illumination optical sys- 
tem in the projection exposure apparatus illustrated in Fig. 11. 

Fig. 13 is a schematic diagram to show a silica glass ingot produced as a primary material for optical members 
forming the examples and comparative examples of the projection optical system of the present invention. 
Figs. 14A to 14D are graphs to show distributions of average signed birefringence values in optical members form- 
35 ing the examples and comparative examples of the projection optical system of the present invention. 

Figs. 15A to 15F are graphs to show distributions of average signed birefringence values in optical members used 
in Examples 1 to 3 and in Comparative Examples 1 to 3 of the projection optical system of the present invention. 
Fig. 16A is a schematic, structural diagram to show an example of the conventional projection exposure apparatus 
and Fig. 16B is a cross-sectional view of the fly's eye lens used in the projection exposure apparatus of Fig. 16A 



40 



Rest Mode for Carrying o ut the Invention 



[0050] First, the projection optical system of the present invention will be described. Fig. 5 is a schematic, structural 
diagram to show an example of the projection optical system of the present invention. 

45 [0051] The projection optical system 1 00 illustrated in Fig. 5 is composed of a first lens unit G1 of a positive power, 
a-second lens-unit-G2-ota-positive- power, a.thirdlens unit G3 of a negative power, a fourth lens unit G4 of a positive 
power, a fifth lens unit G5 of a negative power, and a sixth lens unit G6 of a positive power, which are arranged in the 
order named from the side of reticle R as a first object. The optical system is approximately telecentric on the object 
side (reticle R side) and on the image side (wafer W side) and has a reduction ratio. This projection optical system has 

so N. A. of 0.6 and the projection magnification of 1/4. 

[0052] In this projection optical system, a single crystal of calcium fluoride is used at six positions of L45, L46, L63, 
L65, L66, and L67 for the purpose of correcting for chromatic aberration. 

[0053] ' The above projection optical system of the present invention is designed in such a manner that the signed 
birefringence characteristic value of the entire projection optical system is calculated according to the aforementioned 
55 algorithms of Eqs. (1 ) to (6) from the distribution of signed birefringence values in the plane normal to the optical axis 
Z with the center at the intersection with the optical axis Z for each of the optical members L11 to L610 and that the 
optical members are combined with each other so as to satisfy the placement condition that this signed birefringence 
characteristic value of the entire projection optical system is between -0.5 and +0.5 nm/cm both inclusive. 
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[0054] When the optical members are combined so as to satisfy the aforementioned placement condition based on 
the signed birefringence values, the nonuniform distribution of birefringence values in each of the individual optical 
members can be quantitatively evaluated with attention on directions of the fast axis and the optical system can be 
assembled while quantitatively estimating the signed birefringence characteristic value of the entire optical system from 
5 the signed birefringence values of the respective members so as to cancel the distributions of birefringence values of 
the optical members with each other, whereby the projection optical system can be obtained with excellent imaging per- 
formance. 

[0055] In the projection optical system of the present invention, it is preferable that the optical members be com- 
bined with each other so as to further satisfy such a placement condition that a Strehl value of signed birefringence val- 

10 ues based on effective paths of the entire projection optical system is not less than 0.93. 

[0056] The inventors discovered that use of Strehl intensities of signed birefringence values taking account of the 
effective paths in the center and surroundings thereof in the effective section of each optical member was effective to 
the evaluation of the birefringence distribution in the optical members. Since the Strehl value of birefringence first intro- 
duced by the inventors takes account of the effective paths of rays passing through the effective sections, it allows more 

is precise evaluation of birefringence distribution in the optical members when combined with the evaluation with the 
signed birefringence characteristic value of the entire optical system. 

[0057] This placement condition of each optical member based on the Strehl value of signed birefringence values 
is expressed based on the following equations. 

20 0.93 ^S (7) 



30 [In Eqs. (7) to (9), X indicates the wavelength of the light source. X represents an average of signed birefringence values 
determined from the distribution in an effective radial direction of signed birefringence values based on the effective 
optical paths obtained for the optical member Li by ray tracing of the entire projection optical system, o represents the 
standard deviation of signed birefringence values determined from the distribution in the effective radial direction of 
signed birefringence values based on the effective paths obtained for the optical member Li by ray tracing of the entire 

35 projection optical system. Sj indicates the Strehl intensity of signed birefringence values based on the effective paths 
for each optical member Li. S represents the Strehl value of signed birefringence values based on the effective paths 
of the entire projection optical system in combination of all the optical members Li.] 

[0058] In the projection optical system of the present invention, it is further preferable that the signed birefringence 
values around the center 0| of the optical member Li be not more than 0.2 nm/cm. Since most of the light projected onto 
40 the optical members has the optical axis in the central part of the optical members, use of the optical members satisfy- 
ing the above condition can greatly decrease the influence of birefringence as compared with cases of use of optical 
members having birefringence in the central area. 

[0059] In the projection optical system of the present invention, it is also preferable that the distribution in the radial 
direction of average signed birefringence values By in the optical member Li have no extremum except at the center Oj. 
45 Further, where the distribution of signed birefringence values of the optical member has no extremum except at the 
center, it is easy to estimate the signed birefringence characteristic value of the entire optical system and desired optical 
performance can be achieved by effectively canceling the influence of birefringence of the individual members with 
each other. 

[0060] In the projection optical system of the present invention, it is further preferable that a difference ABj between 
so a maximum and a minimum of the average signed birefringence values By in the optical member Li be not more than 
2.0 nm/cm. 

[0061] The inventors discovered that excellent imaging performance of the projection optical system was able to be 
attained by constructing the projection optical system of such optical members. It was further found that the projection 
exposure apparatus provided with the projection optical system was able to realize uniform resolution throughout the 
55 entire wafer surface. The larger the difference ABj between maximum and minimum in the radial distribution of average 
signed birefringence values By, the larger the dispersion in the average signed birefringence values By of the optical 
member, in turn, the dispersion in the signed birefringence values Ay k . When light is projected onto an optical member 
in which the difference ABj between maximum and minimum of average signed birefringence values By is larger than 
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2.0 nm/cm, the wavefront of the light is disturbed because of the large difference of signed birefringence values Ay k 
depending upon passing locations of light and it tends to extremely lower the imaging performance of the optical sys- 
tem. 

[0062] In the projection optical system of the present invention, it is also preferable that a maximum Fj of slope of a 
5 distribution curve in the radial direction of average signed birefringence values By in each optical member Li be not 
more than 0.2 nm/cm per 10 mm of radial width. Excellent imaging performance of the projection optical system can be 
attained by constructing the projection optical system of such optical members. Further, when the projection exposure 
apparatus is provided with such a projection optical system, the resolution becomes uniform throughout the entire wafer 
surface. Just as in the case of the large difference ABj between maximum and minimum in the radial distribution of the 
10 average signed birefringence values By as described above, the larger the maximum Fj of slope of the distribution curve 
in the radial direction of the average signed birefringence values By, the larger the dispersion in the average signed bire- 
fringence values By of the optical member, in turn, the dispersion in the signed birefringence values Ay k . When light is 
projected onto an optical member in which the maximum Fj of slope of the distribution curve in the radial direction of the 
average signed birefringence values By is greater than 0.2 nm/cm per 10 mm of radial width, the wavefront of light is 
15 disturbed because of the large difference of signed birefringence values Ay k depending upon passing locations of light 
and it tends to greatly lower the imaging performance of the optical system. 

[0063] Although the conventional "magnitude of birefringence (birefringence value)" and the "difference between 
maximum and minimum of signed birefringence values" in the present invention both are expressed in units of nm/cm, 
the former is a value indicated by the maximum |max| of birefringence values without consideration to the directions of 

20 the fast axis, whereas the latter is indicated by the difference between a maximum value in a portion where the direction 
of the fast axis is parallel to the radial direction of the optical member (the maximum of plus-signed birefringence values) 
and a maximum value in a portion where the direction of the fast axis is perpendicular to the radial direction of the opti- 
cal member (the maximum of minus-signed birefringence values): (M^) - (-A^); or ^B^) - (-B^) in the case of 
the average signed birefringence values By. 

25 [0064] Next, the production method of the projection optical system according to the present invention will be 
described below. 

[0065] Fig. 6 is a flowchart to show an example of the production method of the projection optical system of the 
present invention. 

[0066] As illustrated, the production method of the projection optical system of the present invention is mainly com- 
30 prised of step 200 of producing a synthetic silica glass ingot or ingots, step 210 of cutting optical members from the syn- 
thetic silica glass ingot(s) obtained, step 220 of carrying out a thermal treatment of the optical members thus cut, step 
230 of measuring the signed birefringence values Ay k in the optical members after the thermal treatment, step 240 of 
calculating the average signed birefringence values B ijk and the average signed birefringence values Ey from the signed 
birefringence values Ay^ obtained, step 250 of selecting optical members to be used, from the distribution data of signed 
35 birefringence values in the optical members obtained in step 240, step 260 of arranging a plurality of optical members 
selected in step 250, under the placement condition based on the signed birefringence characteristic value of the entire 
projection optical system, step 270 of measuring the Strehl value of signed birefringence values based on the effective 
paths for the projection optical system thus assembled in step 260, and step 280 of rearranging the optical members 
under the placement condition based on the Strehl value obtained in step 270. 
40 [0067] The production method of the projection optical system of the present invention will be detailed below 
according to the flowchart of Fig. 6. 

[0068] First described is the production of the synthetic silica glass in step 200. 

[0069] The silica glass members used in the projection optical system of the present invention are made by either 
of methods, for example, including a) a method in which a silicon compound is subjected to hydrolysis in oxyhydrogen 

45 flame to obtain glass particles (so called soot) and in which the glass particles are deposited to form porous glass (so 
called-a soot body). The porous glass.is treated at temperatures over near the softening point (preferably, the melting 
point) thereof to become transparent, thereby obtaining transparent silica glass; b) a method in which a silicon com- 
pound is subjected to hydrolysis in oxyhydrogen flame to effect deposition of resultant glass particles on a target and 
vitrification thereof simultaneously, thus obtaining the transparent silica glass. The method of a is called a soot method 

so and the method of b a direct method. 

[0070] In the soot method, there are no specific restrictions on how to form the porous glass, and it is made by one 
selected from a VAD method, an OVD method, a sol-gel method, and so on. 

[0071] The following describes a method of producing the silica glass member by the direct method (which is also 
called a flame hydrolysis process). 
55 [0072] Fig. 7 shows a synthesis furnace 400 for synthesis of the silica glass ingot 470 used in the present invention. 
[0073] A burner 410 is made of silica glass and in multiple tube structure and is installed with its tip portion directed 
from the top of the furnace toward the target 420. The furnace wall is composed of furnace frame 440 and refractory 
430 and is equipped with an observation window (not illustrated), a window 450 for monitoring with an IR camera, and 
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an exhaust system 460. The target 420 for formation of ingot 7 is located in the lower part of the furnace and the target 
420 is coupled through a support shaft 480 to an XY stage (not illustrated) located outside the furnace. The support 
shaft 480 can be rotated by a motor and the XY stage can be moved two-dimensionally in the X-direction and in the Y- 
direction by an X-axis servo motor and by a Y-axis servo motor. 

5 [0074] An oxygen-containing gas and a hydrogen-containing gas are ejected from the burner 410 to be mixed to 
create the flame. The feed of the silicon compound diluted with a carrier gas is ejected from the central part of the 
burner into this flame whereupon the feed is decomposed by hydrolysis to form silica glass particles (soot). This soot is 
deposited onto the rotating and swinging target and, at the same time as it, it is fused and vitrified to obtain the ingot of 
transparent silica glass. At this time, the target is pulled down in the Z-direction so that the upper part of the ingot is 

10 covered by the flame and so that the position of the synthetic surface in the upper part of the ingot is always kept at an 
equal distance from the burner. 

[0075] The feed ejected from the central part of the burner 410 can be one selected from silicon chlorides such as 
SiCI 4 , SiHCI 3 , and so on; silicon fluorides such as SiF 4 , Si 2 F 6> and so on; organic silicon compounds including 
siloxanes such as hexamethyldisiloxane, octamethylcyclotetrasiloxane, tetramethylcyclotetrasiloxane, and so on, 

15 silanes such as methyltrimethoxysilane, tetraethoxysilane, tetramethoxysilane, and so on; SiH 4 , Si2H 6 , and so on. 
[0076] The simplest method of obtaining a silica glass member in which the signed birefringence values around the 
center of the effective section of the silica glass member are between -0.2 and +0.2 nm/cm both inclusive, is a method 
of producing a large-diameter ingot by the above-stated production method of the synthetic silica glass and cutting the 
optical member of a desired diameter from the ingot In this case, it is necessary to match the geometric center of the 

20 optical member with that of the ingot Since the large-diameter ingot tends to have a flat distribution of singed birefrin- 
gence values as compared with a small-diameter ingot, a distribution of distortion also becomes flat in the optical mem- 
ber cut out of the ingot This is possibly because the temperature gradient in the central part of the synthetic surface of 
the ingot is smaller than the temperature gradient in the peripheral part of the synthetic surface close to the side surface 
of the ingot. 

25 [0077] For obtaining a silica glass member with no extremum in the distribution of signed birefringence values 
except around the center of the effective section, the large-diameter ingot is also produced first, the distribution of 
signed birefringence values thereof is checked, and the optical member is cut out of the ingot so as not to have no 
extremum except in the central part. In another method, the optical member is kept at high temperatures enough to 
relax birefringence and thereafter is subjected to an annealing operation to gradually cool the optical member, whereby 

30 the silica glass member is obtained with the distribution of signed birefringence values in which birefringence in the cen- 
tral part is not more than 0.2 nm/cm and in which there is no extremum except in the central part 
[0078] The cutting method from the large-diameter ingot and the annealing operation to relax birefringence are also 
effective in obtaining the optical members with little dispersion in the distribution of signed birefringence values inside 
the members wherein the difference between maximum and minimum of signed birefringence values is not more than 

35 2 0 nm/cm or wherein the maximum of slope of the distribution of signed birefringence values in the radial direction of 
signed birefringence values is not more than 0.2 nm/cm per 10 mm of width. It is also possible to decrease the disper- 
sion in the signed birefringence values to some extent, by controlling synthesis conditions, for example, by optimizing 
the temperature distribution in the upper part (synthesis surface) of the ingot during the synthesis. 
[0079] The optical members are then cut in step 210 from the ingot(s) thus produced. In step 220, further, the opti- 

40 cal members thus cut are subjected to the thermal treatment of quick heating -» short-time retention quick cooling, 
thereby restraining the dispersion in the signed birefringence values in the optical members as described previously. 
Produced in this way are candidates for optical members having various shapes to construct the projection optical sys- 
tem illustrated in Fig. 5. Specifically, for producing the projection optical system illustrated in Fig. 5, a plurality of silica 
glass lenses are fabricated in the same shape and in the same size for the silica glass lens L11 illustrated in Fig. 5. 

45 [0080] Then the signed birefringence values are measured for each of the optical members in step 230. Namely, 
the signed birefringence values A^ are measured at a plurality of measuring points P ljk on a plurality of concentric cir- 
cles postulated in the effective section perpendicular to the optical axis of the optical members. 
[0081] Measuring methods of birefringence applicable in the present invention will be described below. A phase 
modulation method will be described first An optical system is composed of a light source, a polarizer, a phase modu- 

so lation element, a sample, and an analyzer. The light source is art He-Ne laser or a laser diode, and the phase modula- 
tion element is a photoelastic converter. Light from the light source is converted into linearly polarized light by the 
polarizer and the linearly polarized light is incident to the phase modulation element The light from the phase modula- 
tion element to be projected onto the sample is modulated light with states of polarization continuously varying as line- 
arly polarized light circularly polarized light -> linearly polarized light by the element During the measurement the 

55 sample is rotated about the beam incident to a measuring point on the sample to find a peak of output of a detector and 
the amplitude at that peak is measured to determine the direction of the fast axis (or the slow axis) and the magnitude 
of birefringent phase difference. The measurement can also be performed without rotation of the sample by use of a 
Zeeman laser as the light source. It is also possible to employ the phase shift method and the optical heterodyne inter- 
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ferometry in the present invention. 

[0082] In addition, the measurement can also be conducted by the following methods though they are a little inferior 
in measurement accuracy. 

[0083] A rotary analyzer method employs a device configuration in which the sample between the light source and 
5 the photodetector is interposed between the polarizer and the rotary analyzer. Signals from the detector are measured 
while rotating the analyzer placed after the sample to be measured, and a phase difference is calculated between a 
maximum and a minimum of the signals from the detector. 

[0084] In a phase compensation method there are a light source, a polarizer, a sample, a phase compensator, an 
analyzer, and a photodetector placed. When the axes of the polarizer and analyzer are positioned in mutually orthogo- 
10 nal states, linearly polarized light incident to the sample to be measured is converted into elliptically polarized light 
because of the birefringence of the sample. Then the phase compensator is adjusted so as to return the light to linearly 
polarized light. With adjustment of the compensator, the signal becomes almost null at the detector. A phase compen- 
sation value at the highest extinction rate is an amount of birefringence. 

[0085] The measurement can also be performed by a simple method of placing a standard sample in a crossed 
15 Nicols optical system and comparing the sample with the standard sample if the thickness of the measured sample is 
large enough. 

[0086] Each measurement of birefringence is given the sign of + when the direction of the fast axis is parallel to the 
diameter of the member, but the sign of -when perpendicular, as described previously. A small measurement of bire- 
fringence can have an inclination while the fast axis is not always perfectly parallel or normal to the diameter. In this 
20 case the sign of + is assigned if the inclination is closer to parallel than the angle of 45° relative to the diameter, whereas 
the sign of - if the inclination is closer to normal. 

[0087] In step 240 the average signed birefringence values Bj^ are then calculated from the signed birefringence 
values Ajjk for each of the optical members Li, obtained in step 230. Here each average signed birefringence value 
is an arithmetic mean of a plurality of signed birefringence values at a plurality of measuring points on a concentric cir- 
25 cle Cjj at an equal distance Tj from the center Oj of the effective section. 

[0088] How to calculate the average signed birefringence values Bg k from the signed birefringence values Ay k will 
be described below referring to Fig. 8A, Fig. 8B, Fig. 9A, Fig 9B, Fig. 10A, and Fig. 10B. 

[0089] Fig. 8A is a schematic diagram where the measuring points are intersections P 111( P 12 i, P131. Pm, P112. 
P 12 2, P132. and P 142 between concentric circles C 11f C 12l C 13 , and C 14 having their respective radii r 1( r 2l r 3l and r 4 from 

30 the center 0<\ on the effective section of the optical member L1 and two straight lines Q101 and Q102 extending in a 
radial direction from the center O. In this case, an average signed birefringence value on each concentric circle of the 
optical member L1 is an arithmetic mean of signed birefringence values obtained from two measuring points on the cir- 
cumference of a single concentric circle. More specifically, in the case of the concentric circle C^, the arithmetic mean 
of signed birefringence values and A 112 obtained at the measuring point P^ and at the measuring point P 111 on 

35 the circumference of the concentric circle C ni is the average signed birefringence value B 11( represents the signed bire- 
fringence values of the point group on the circumference of the concentric circle C^. In similar fashion, thereafter, the 
average signed birefringence values B 12 to B 14 are calculated for the concentric circles C 12 to C 14 . Then the average 
signed birefringence values to B 14 are illustrated as a function of distance from the center 0 1( whereby the distri- 
bution of average signed birefringence values in the radial direction of the optical member L1 can be quantitatively 

40 understood. For example, where the average signed birefringence values B^ to B 14 all are positive values monotoni- 
cally increasing in the radial direction, the profile as illustrated in Fig. 8B can be obtained as the distribution of average 
signed birefringence values in the radial direction of the optical member L1. 

[0090] Fig. 9A is a schematic diagram where the measuring points are intersections P 211 , P221, P231, P241. P 212» 
P 222 , P 232 and P 242 between concentric circles C 21 , C 22 , C 23 , and C 24 having their respective radii r 1( r 2 , r^ and r 4 from 

45 the center 0 2 on the effective section of the optical member L2 and two straight lines Q 201 and extending in a 
radial direction from the center Q 2 . In this case, the average signed birefringence values to B 24 are also obtained 
for the concentric circles C 21 to C 24 , as described in the figure A. When the average signed birefringence values B 21 to 
B 24 are illustrated as a function of distance from the center 0 2 , the distribution of average signed birefringence values 
in the radial direction of the optical member 12 can be quantitatively understood. For example, where the average 

50 signed birefringence values B 21 to B 24 all are negative values monotonically decreasing in the radial direction, the pro- 
file as illustrated in Fig. 9B is obtained as the distribution of average signed birefringence values in the radial direction 
of the optical member 12. 

[0091] Fig. 10A is a schematic diagram where the measuring points are intersections P 311 , P321, P^ t P^, P^, 
P 312« p 322. p 332. p 342. and P 352 between concentric circles C 32 , C^, C^, and having their respective radii r 1( 
55 r 2l r 3l r 4 , and r 5 from the center on the effective section of the optical member L3 and two straight lines Q 301 and 
Q302 extending in the radial direction from the center 0 3 . In this case, the average signed birefringence values B 21 to 
B 25 are also obtained for the concentric circles C 31 to C^, as described in the figure A. When the average signed bire- 
fringence values B 31 to B 35 are illustrated as a function of distance from the center C^, the distribution of average 
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Y. 

signed birefringence values in the radial direction of the optical member L3 can be quantitatively understood. For exam- 
ple, supposing that the average signed birefringence values B 31 to B33 are positive values, that B34 and B 35 are nega- 
tive values, and that these average signed birefringence values B 31 to B 33 take a maximum value near r 2 and 
monotonically decrease in the radial direction from r 2 to r 5) the profile as illustrated in Fig. 10B can be obtained as the 
5 distribution of average signed birefringence values in the radial direction of the optical member L3. 

[0092] Further, in step 240, the average singed birefringence amounts Ey k for each of the optical members are cal- 
culated according to Eq. (5) from the average signed birefringence values By k for each optical member, obtained as 
described above, and the apparent thickness T| of each optical member. 

[0093] Next, optical members used are selected in step 250. On this occasion, since the optical members have their 
10 respective effective sections different from each other, depending upon their roles in the projection optical system, as 
illustrated in the projection optical system in Fig. 5, the effective sections are normalized so that the maximum effective 
radius is one, for ail the optical members, as illustrated in Fig. 4A. Based on the common effective radius after the nor- 
malization, the following selection of optical members is carried out with reference to the radial distributions of average 
signed birefringence values By k of all the optical members, thereby narrowing down the candidates for the optical menrv 
15 bers used at their respective positions in the projection optical system. 

[0094] The selection conditions of optical members in this step 250 are as follows: selection condition 251; the 
signed birefringence values around the center Oj of the optical member Li are not more than 0.2 nm/cm, selection con- 
dition 252; the difference ABj between maximum and minimum of the average signed birefringence values By in the opti- 
cal member Li is not more than 2.0 nm/cm, selection condition 253; the maximum Fj of slope of the distribution curve in 
20 the radial direction of the average signed birefringence values By in each optical member Li is not more than 0.2 nm/cm 
per 10 mm of radial width, and selection condition 254; the radial distribution of the average signed birefringence values 
By in the optical member Li has no extremum except at the center Oj. 

[0095] By using optical members to meet all or at least one of the above selection conditions 251 to 254, the pro- 
jection optical system with high imaging performance can be constructed more efficiently. 

25 [0096] In step 260 the optical members are then arranged so that the signed birefringence characteristic value H of 
the entire projection optical system, described previously by Eq. (1), becomes between -0.5 and +0.5 nm/cm both inclu- 
sive. At this time, the signed birefringence characteristic value H of the entire projection optical system is calculated 
according to Eqs. (2) to (4) described previously. The projection optical system arranged in this way demonstrates 
excellent imaging performance. 

30 [0097] In step 240 the optical members are then combined with each other so as to further satisfy the placement 
condition that the Strehl value of the signed birefringence values based on the effective paths of the entire projection 
optical system is not less than 0.93. Since the Strehl value of birefringence takes account of the effective paths of rays 
passing the effective sections, more precise evaluation of birefringence distributions in the optical members can be 
made when combined with the evaluation with the signed birefringence characteristic value of the entire optical system. 

35 The Strehl value S of birefringence is calculated based on Eq. (8) and Eq. (9), using the data of radial distributions of 
signed birefringence values obtained by ray tracing. 

[0098] For example, in the case of the projection optical system 100 illustrated in Fig. 5, the measurement results 
of radial distributions of the signed birefringence values for the silica glass lenses L1 1 to L610 except for the lenses L45, 
L46, L63, L65, L66, and L67 made of the single crystal of calcium fluoride, are entered into a computer for calculation 

40 of the Strehl value. Then ray-passing points on each lens are determined on the optical axis, in the paraxial area, off 
the axis, and so on by a technique according to ray tracing used in calculation of aberration of optical systems or the 
like, and the Strehl value is calculated by substituting the signed birefringence values corresponding to the passing 
points into Eq. (9). Namely, a plurality of Strehl values are calculated corresponding to a plurality of rays incident at a 
variety of incident angles into the projection optical system 100 and a minimum among them is determined as a Strehl 

45 value of the combination of the samples. 

[0099] As for the distributions of signed birefringence values of the six lenses made of the single crystal of calcium 
fluoride, a theoretical value can be put into the computer, or an actually measured value of a material having a standard 
distribution of birefringence values can be entered. As another method, it is also possible to prepare the material for 
these six lenses at one time and evaluate them together with the silica glass lenses. 

50 [0100] The above production method of the projection optical system was described as an example provided with 
step 250 of selecting the optical members, step 270 of measuring the Strehl value, and step 280 of arranging the optical 
members, based on the Strehl value, but the production method of the projection optical system of the present invention 
is not limited to the above example form; the above three steps all are omissible steps in the production method of the 
projection optical system of the present invention. 

55 [0101] In the above description, a value calculated by the following method can also be used as a guide of refer- 
ence for evaluating the influence of birefringence of the entire projection optical system instead of the above signed 
birefringence characteristic value of the entire projection optical system in the cases wherein the radial distribution of 
average signed birefringence values Bq k is a slightly monotonically increasing or slightly monotonically decreasing dis- 
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tribution while the birefringence values are almost zero around the center for all the optical members, in the measure- 
ment of the radial distribution of the average signed birefringence values B ijk for each of the optical members. Namely, 
it is a value calculated in such a way that an arithmetic mean is calculated from values in the radial direction of the aver- 
age signed birefringence values B ijk in each optical member to be defined as a signed birefringence value representing 
5 the member and that the signed birefringence values of all the optical members are added up. The members are com- 
bined so as to make this addition result zero in the entire optical system, which allows simple selection of members tak- 
ing the influence of birefringence into consideration. 

[0102] Fig. 1 1 is a schematic, structural diagram of an example of the projection exposure apparatus provided with 
the projection optical system of the present invention. In Fig. 1 1 , the Z-direction is taken along a direction parallel to the 

w optical axis of the projection optical system 304, the Y-direction along a direction normal to the Z-direction within the 
plane of the drawing, and the X-direction along a direction normal to the plane of the drawing and to the Z-direction. 
[0103] The projection exposure apparatus illustrated in Fig. 1 1 is mainly composed of an exposure light source 303, 
a reticle R in which a pattern original image is formed, an illumination optical system 302 for illuminating the reticle R 
with light emitted from the exposure light source 303, a projection optical system 304 for projecting the pattern image 

15 outputted from the reticle R onto the wafer (photosensitive substrate) W ( and an alignment system 305 for achieving 
alignment between the reticle R and the wafer W. 

[0104] The wafer W is mounted on a leveling stage (not illustrated) and this leveling stage is placed on a Z-stage 
301 , which can be finely moved in the direction of the optical axis of the projection optical system (i.e., in the Z-direction) 
by a driving motor 320. The Z-stage 301 is mounted on an XY stage 315, which can be moved in the two-dimensional 
20 (XY) directions in the step-and-repeat method by a driving motor 320. The reticle R is mounted on a reticle stage 306, 
which can be moved two-dimensionally in the horizontal plane. The exposure light from the exposure light source 303 
uniformly illuminates the pattern formed in the reticle R through the illumination optical system 302 whereupon the pat- 
tern image of the reticle R is transferred into a shot area of the wafer W by the projection optical system 304. This expo- 
sure light can be one having the wavelength selected from 248 nm (KrF excimer laser), 193 nm (ArF excimer laser), 157 

25 nm (F2 laser), and so on. 

[0105] After completion of projection of the pattern of the reticle R into one shot area on the wafer W, the XY stage 
31 5 undergoes such stepping movement that a next shot area of the wafer W is aligned with the exposure area of the 
projection optical system 304. The two-dimensional position of the leveling stage with the wafer W mounted thereon is 
always monitored, for example, in the resolution of about 0.01 ^im by measuring the distance to a moving mirror 340 

30 fixed to the leveling stage, with a laser interferometer (not illustrated), and output of the laser interferometer is supplied 
to a stage control system 31 1 . 

[0106] The reticle R is positioned on the reticle stage 306 so that the center of the transferred pattern on the reticle 
R is aligned with the optical axis AX of the projection optical system 304. The positioning of the reticle R is carried out 
using a plurality of reticle alignment marks (reticle marks) provided near the periphery of the reticle R. The reticle marks 
35 include two types of reticle marks, i.e., reticle marks for positioning in the X-direction and reticle marks for positioning 
in the Y-direction. The alignment system 305 uses the exposure light, which is extracted by splitting part of the exposure 
light from the exposure light source 303, as illumination light (alignment light). The alignment system 305 includes align- 
ment units located one at the position of each reticle alignment mark. 

[0107] The illumination light having passed through the illumination optical system 302 is then incident to the reticle 

40 marks provided outside the pattern area of the reticle R. The reticle marks are, for example, rectangular transparent 
windows formed in an opaque region around the pattern. The alignment light reflected from the reticle mark portions is 
incident again into the alignment system 305. On the other hand, the alignment light having passed through the reticle 
marks travels through the projection optical system 304 to be incident onto substrate alignment marks (wafer marks) 
provided in the periphery of each shot area on the water W. The wafer marks do not always have to be provided in the 

45 peripheral area of each shot area, but may also be provided at predetermined positions of the wafer, for example, only 
in the peripheral region of the wafer. The wafer marks also include two types of wafer marks, he., wafer marks for posi- 
tioning in the X-direction and wafer marks for positioning in the Y-direction corresponding to the reticle marks. Reflected 
light from the wafer marks travels in paths opposite to those of the incident light and through the projection optical sys- 
tem 304 and through the reticle mark portions, to be incident again into the alignment system 305. 

50 [0108] Receiving the reflections of the alignment light from the reticle R and from the wafer W in this way, the align- 
ment system 305 detects the relative positions of the reticle R and the wafer W. Output of the alignment system 305 is 
supplied to a main control system 312. Output of the main control system 312 is supplied to a reticle exchange system 
307 and to the stage control system 31 1 to adjust the spatial positions of the reticle R and the wafer W. As a result, reg- 
istration can be maintained at high accuracy between the pattern formed in each shot area on the wafer W and the pat- 

55 tern image of the reticle R to be projected thereto. J , , . , .„ - 

[0109] Fig. 12A and Fig. 12B are schematic, structural diagrams to show the detailed structure of the illumination 
optical system 302 in the projection exposure apparatus illustrated in Fig. 11. 

[0110] Fig. 12A is a front view of the illumination optical system 302 when observed from the Y-direction of Fig. 1 1 
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and Fig. 12B is a front view of the illumination optical system 302 when observed from the X-direction of Fig. 11. The 
both figures are illustrated with omitting the alignment system 302 which uses the split part of the exposure light incident 
to the illumination optical system 302. 

[0111] The exposure light source 303 (not illustrated) emits an almost parallel beam having the wavelength of 248 
5 nm (KrF excimer laser), 193 nm (ArF excimer laser), 157 nm (F 2 laser), or the like and the cross-sectional shape of the 
parallel beam at this point is rectangular. This parallel beam from the exposure light source 303 is incident to a beam 
shaping optical system 20 as a beam shaping section for shaping the beam into a predetermined cross-sectional 
shape. This beam shaping optical system 20 is composed of two cylindrical lenses (20A, 20B) having refractive power 
in the Y-direction; the cylindrical lens 20A on the light source side has negative refractive power to diverge the beam in 
w the X-direction, while the cylindrical lens 20B on the illuminated surface side has positive refractive power to condense 
the diverging beam from the light-source-side cylindrical lens A into a parallel beam. Therefore, the parallel beam from 
the exposure light source 303, having passed through the beam shaping optical system 20, is one shaped in the rec- 
tangular shape of the beam section having a predetermined size with the beam width expanded in the Y-direction. The 
beam shaping optical system 20 can also be constructed of a combination of cylindrical lenses having positive refrac- 
ts tive power, an anamorphic prism, or the like. 

[0112] The shaped beam from the beam shaping optical system 20 is incident to a first relay optical system 21. 
Here the first relay optical system 21 has a front unit (21 A, 21 B) of positive refractive power consisting of two positive 
lenses, and a rear unit (21C, 21 D) of positive refractive power consisting of two positive lenses, and they are arranged 
so that the front unit (21A, 21B) of the first relay optical system 21 forms a converging point (light source image) I at the 
20 focal point of this front unit on the reticle R side (rear side) and so that the rear unit (21 C, 21 D) of the first relay optical 
system 21 has the focal point on the light source side (front side), matched with the focal point of the front unit (21 A, 
21 B). Then this first relay optical system 21 has the function of keeping the exit plane of the exposure light source 303 
in conjugate with the entrance plane of an optical integrator 30 as first multiple light source image forming means, 
described hereinafter. This function of the first relay optical system 21 serves to correct deviation of the light illuminating 
25 the optical integrator 30 due to angular deviation of the light from the exposure light source 303 and increase tolerance 
to the angular deviation of the light from the exposure light source 303. A guide optical system for guiding the light from 
the exposure light source 303 to the first multiple light source image forming means is comprised of the beam shaping 
optical system 20 and the first relay optical system 21. 

[0113] The beam having passed through the first relay optical system 21 is then incident to the optical integrator 30 
30 as the first multiple light source image forming means for forming a plurality of light source images arranged linearly in 
three rows. This optical integrator 30 is composed of a plurality of lens elements of the double-convex shape having an 
almost square lens section, and the whole of the optical integrator 30 has a rectangular cross section. Each lens ele- 
ment of the double-convex shape has equal curvature (refractive power) in the Y-direction and in the X-direction. 
[0114] Forthis reason, each of parallel beams passing through the individual lens elements forming the optical inte- 
35 grator 30 is condensed to form a light source image on the exit side of each lens element. Therefore, a plurality of light 
source images are formed in the number equal to the number of lens elements and at the exit position A1 of the optical 
integrator 30, substantially creating secondary light sources there. 

[0115] Beams from the plurality of secondary light sources created by the optical integrator 30 are condensed by a 
second relay optical system 40 to be further incident to an optical integrator 50 as second multiple light source image 

40 forming means for forming a plurality of light source images. 

[0116] This optical integrator 50 is composed of a plurality of lens elements of the double-convex shape having a 
rectangular lens section and the cross-sectional shape of this lens element is similar to that of the optical integrator 30. 
The whole of the optical integrator 50 has a square cross section. Each of the lens elements has equal curvature 
(refractive power) in the direction on the plane of Fig. 3a and in the direction on the plane of Fig 3b. 

45 [0117] For this reason, each of beams from the optical integrator 30 traveling through the individual lens elements 
- forming the optical integrator 50 is condensed to form a light source image on the-exit side-of-each lens element There- 
fore, a plurality of light source images arranged in the square shape are formed at the exit position A2 of the optical inte- 
grator 50, substantially creating tertiary light sources there. 

[0118] The second relay optical system 40 keeps the entrance position B1 of the optical integrator 30 in conjugate 
so with the entrance position B2 of the optical integrator 50 and also keeps the exit position A1 of the optical integrator 30 
in conjugate with the exit position A2 of the optical integrator 50. Further, the optical integrator 30 and the optical inte- 
grator 50 were described in the shape of the fly's eye lenses in the above description, but there are no specific restric- 
tions on the shape of the optical integrators used in the illumination system of the projection exposure apparatus of the 
present invention; for example, they can be selected from micro-fly's eyes consisting of a plurality of extremely small 
55 lens elements, rodlike internal reflection type optical elements (kaleidoscope rods), diffracting optical elements (DOE), 
and so on.. 

[0119] An aperture stop AS having an aperture of a predetermined shape is located at the position A2 where the 
tertiary light sources are formed, or at a position near it, and beams from the tertiary light sources, formed in a circular 
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shape by this aperture stop AS, are condensed by a condenser optical system 60 as a condensing optical system to 
uniformly illuminate the reticle R as an object to be illuminated, in a slit shape. 

[0120] The projection optical system 304 illustrated in Fig. 11 is one in which the optical members are combined 
with each other so as to satisfy the placement condition that the signed birefringence characteristic value of the entire 

5 projection optical system is between -0.5 and +0.5 nm/cm both inclusive. The optical members are also combined with 
each other so as to further satisfy the placement condition that the Strehl value of the signed birefringence values 
based on the effective paths of the entire projection optical system is not less than 0.93. Further, the optica! members 
used are those satisfying the condition that the signed birefringence values around the center of the effective section 
are between -0.2 and +0.2 nm/cm both inclusive, the condition that the radial distribution of average signed birefrin- 

10 gence values has no extremum except at the center, the condition that the difference ABj between maximum and mini- 
mum of average signed birefringence values is] not more than 2.0 nm/cm, and the condition that the maximum F| of 
slope of the distribution curve in the radial direction of the average signed birefringence values By is not more than 0.2 
nm/cm per 10 mm of radial width. 

[0121] Since the influence of birefringence in the optical members can be controlled in the minimum level by the 
15 provision of the projection optical system of the present invention, the projection exposure apparatus can be con- 
structed with high resolution. 

[0122] The projection optical system of the present invention, the production method thereof, and the projection 
exposure apparatus using it will be described below in detail with examples. 

20 Production of synthetic silica glass) 

[0123] First described is a method for producing the silica glass members used in Example 1 to Example 3 and in 
Comparative Example 1 to Comparative Example 3 which will be described below. 

[0124] Using the synthesis furnace illustrated in Fig. 11, the synthetic silica glass was prepared by the direct 
25 method (flame hydrolysis method). First, silicon tetrachloride was ejected from the central part of the multi-tube burner 
to be subjected to hydrolysis in the oxyhydrogen flame, thereby obtaining the glass particles. The particles were vitrified 
while being deposited onto the rotating and swinging target, to obtain the silica glass ingot 470 of 0400 mm x t800 mm 
illustrated in Fig. 13. The swinging width (stroke) in the X-axis direction at this time was set to 100 mm in the first syn- 
thesis and to 150 mm in the second synthesis. 
30 [0125] In each of the syntheses, the ingot 470 was made to cool in this shape and thereafter test pieces e, m, and 
f were cut out in the cylindrical shape of 0400 mm x t100 mm from the ingot Specifically, the test piece e was cut from 
the portion at the heights of 500 to 600 mm from the bottom surface of the ingot 470 obtained in the first synthesis, and 
the test piece m was from the portion at the heights of 500 to 600 mm from the bottom surface of the ingot 472 obtained 
in the second synthesis. The test piece f was cut from the portion at the heights of 100 to 200 mm from the bottom sur- 
35 face of the ingot 470 obtained in the first synthesis or the ingot 472 obtained in the second synthesis. These test pieces 
e, m, f were heated up to the temperature of 1000°C, kept thereat for ten hours, and thereafter cooled at the rate of 
10°C/hour down to 500°C. After that, they were again made to cool, thereby yielding the thermally treated test pieces 
e, m, f. 

[0126] On the other hand, silica glass ingots of 0120 mm to <t>300 mm were prepared by the production method of 
40 the synthetic silica glass similar to the above method except that the swinging width (stroke) in the X-axis direction was 
set to 50 mm. Test pieces were cut in appropriate size from these ingots and the thermal treatment was conducted 
under conditions similar to those above. Then test pieces g of 0100 mm to 0280 mm, necessary for the optical system 
of Fig. 5, were cut out 

45 Evaluation of synthetic silica glass) 



[0127] The radial distribution of signed birefringence values was measured for each of the disk-shaped test pieces 
e, m, f, and g of the synthetic silica glass. The measurement of birefringence was carried out by the phase modulation 
method. The measuring points were intersections between a plurality of concentric circles postulated on the effective 
so section of each of the test pieces e, m, f, g and two straight lines extending in the radial direction from the center of the 
effective section, as illustrated in Fig. 10A. 

[0128] First, values of the signed birefringence values after cut in desired diameters were estimated from the data 
of the radial distributions of signed birefringence values for the test pieces e, m, f, g and the selection of usable test 
pieces was conducted so as to minimize the signed birefringence values of the entire optical system by combining 
55 members having the plus-signed birefringence values with members having the minus-signed birefringence values. 
[0129] The sizes of the members necessary for assembly of the projection optical system 100 illustrated in Fig. 5 
are 0100 to 0280. It was found that in this range the test pieces e, m, f except for the test pieces g had the signed bire- 
fringence values which monotonically increased or decreased in the radial direction and the absolute values of which 
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were relatively small, 2 nm/cm 

[0130] Then an average was calculated of the radial distribution of signed birefringence values for each of the test 
pieces e, m, f to obtain a tentative typical value of the signed birefringence values for each of the test pieces. Then the 
optical system was assembled by selecting and combining the test pieces e, m, f, typical values thereof were added up 

5 in the entire optical system, and it was confirmed that the addition result of the entire optical system was ±0. In this way 
the selection of members was first conducted in the simple manner with consideration to the influence of birefringence 
and then the test pieces e, m, f with good characteristics were cut more accurately out of the glass ingots. The method 
of evaluating the birefringent characteristics in the members by use of the tentative typical values of the signed birefrin- 
gence values as described above is just a guide and the aforementioned signed birefringent characteristic value of the 

10 entire projection optical system will be calculated again on the occasion of actual assembly of the projection optical sys- 
tem. 

[0131] Based on the above selection, the test pieces e, m, f of silica glass were again cut out of the ingots so that 
the center position of each test piece was aligned with a rotationally symmetric center position of each ingot determined 
from the ingot outside diameter. In practice, the members of the desired sizes were cut so that the center position of 

15 each test piece was matched with the center of the thermal treatment of each thermally treated or annealed test piece. 
Figs. 14A to 14C present radial distribution curves of average signed birefringence values Bg k in test pieces of 0200 
mm among the test pieces e, m, f of the cylindrical shape thus cut Each of these synthetic silica glasses has a monot- 
onically increasing or monotonically decreasing pattern of average signed birefringence values Bjj k . The signed birefrin- 
gence values Aj 0 around the center of each test piece e, m, f are all between -0.2 and +0.2 nm/cm both inclusive. It was 

20 also verified that each of the test pieces e, m, f had no extremum of average signed birefringence values Bjj k except at 
the center. Further, it was verified that the maximum Fj of slope of the radial distribution curve of average signed bire- 
fringence values By k was not more than 0.2 nm/cm per 10 mm and that the difference ABj between maximum and min- 
imum in the radial distribution of average signed birefringence values By k was not more than 2.0 nm 
[0132] On the other hand, Fig. 14D presents a radial distribution curve of average signed birefringence values Bg 

25 in a test piece of 0200 mm among the test pieces g of the cylindrical shape cut out It was found that the test piece g 
had a positive maximum at the position between 70% and 80% in the radius except around the center in the radial dis- 
tribution of average signed birefringence values By. 

[0133] A plurality of pieces were produced for each of the above test pieces e, m, f, g in order to actually assemble 
the projection optical system using them. Specifically, a plurality of silica glass ingots were first prepared under the 
30 same conditions as in the synthesis method described previously and a plurality of pieces were produced for each of 
the above test pieces e, m, f, g so that their radial distribution characteristics of the average signed birefringence values 
By of the test pieces cut out of the plurality of silica glass ingots thus formed were matched with those of the above test 
pieces e, m, f, g. 

35 . [Example 1] 

[0134] The above test pieces e t m, f were processed into the respective lens shapes and the projection optical sys- 
tem 100 illustrated in Fig. 5 was assembled. More specifically, the twenty three lenses except for the lenses L45, L46, 
L63, L65, L66, and L67 made of the calcium fluoride crystal out of the optical members constituting the projection opti- 

40 cal system 100 were made of the test pieces e, m, and f. Then the signed birefringence characteristic value H of the 
entire projection optical system and the Strehl value S of signed birefringence values were calculated for the complete 
projection optical system, and the system in placement demonstrating the best values was defined as Example 1. Fur- 
ther, the resolution was measured where Example 1 was used as the projection optical system of the projection expo- 
sure apparatus illustrated in Fig. 11. Fig. 15A shows the radial distributions of average signed birefringence values Bg 

45 in a combination of one each of the test pieces e, m, f. 



[Example 2] 

[0135] The projection optical system was assembled in the same manner as in Example 1 except that the test 
so pieces e, f were used. Further, the resolution was measured where Example 2 was applied to the projection optical sys- 
tem of the projection exposure apparatus illustrated in Fig. 11. Fig. 15B shows the radial distributions of average signed 
birefringence values By in a combination of one each of the test pieces e, f. 

* [Example 3] 

55 

[0136] The projection optical system was assembled in the same manner as in Example 1 except that the test 
pieces m, f, and g were used. Further, the resolution was measured where Example 3 was applied to the projection opti- 
cal system of the projection exposure apparatus illustrated in Fig. 11. Fig. 15C shows the radial distributions of average 
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signed birefringence values By in a combination of one each of the test pieces m, f, g. 
[Comparative Example 1] 

5 [0137] The projection optical systemwas assembled in the same manneras in Example 1 except that the test piece 
g was used. Further, the resolution was measured where Comparative Example 1 was applied to the projection optical 
system of the projection exposure apparatus illustrated in Fig. 11. Fig. 15D shows the radial distribution of average 
signed birefringence values Bg of the test piece g. 

i 

w [Comparative Example 2] 

[0138] The projection optical system was assembled in the same manner as in Example 1 except that the test 
pieces f, g were used. Further, the resolution was measured where Comparative Example 2 was applied to the projec- 
tion optical system of the projection exposure apparatus illustrated in Fig. 11. Fig. 15E shows the radial distributions of 
15 average signed birefringence values By in a combination of one each of the test pieces f, g. 

[Comparative Example 3] 

[0139] The projection optical system was assembled in the same manneras in Example 1 except that the test piece 
20 f was used. Further, the resolution was measured where Comparative Example 1 was applied to the projection optical 
system of the projection exposure apparatus illustrated in Fig. 11. Fig. 15D shows the radial distribution of average 
signed birefringence values B|j of the test piece g. 

[0140] Table 1 presents the optical characteristics based on the signed birefringence of the projection optical sys- 
tems in Examples 1 to 3 and in Comparative Examples 1 to 3 described above and the measured values of resolution 
25 of the projection exposure apparatus using them. 
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[0141] The results of the optical characteristics of Examples 1 to 3 in Table 1 verified thatthe excellent imaging per- 
formance was demonstrated by the projection optical systems of the present invention satisfying the placement condi- 
tion based on the signed birefringence values, i.e., the condition that the signed birefringence characteristic value of the 
entire projection optical system was between -0.5 and +0.5 nm/cm both inclusive. It was also verified that the very high 
resolution was achieved where the projection optical systems of the present invention were used as the projection opti- 
cal system of the projection exposure apparatus. Particularly, the projection exposure apparatus employing Example 1 
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attained the high resolution of 0.15. 

[0142] The excellent imaging performance was also achieved in Example 3 partly using the test piece g with great 
dispersion in the radial distribution of average signed birefringence values By and the projection exposure apparatus 
using it demonstrated the good value of resolution, which verified the validity of the production method of the projection 
5 optical system of the present invention in which the optical members were arranged so as to keep the signed birefrin- 
gence characteristic value between -0.5 and +0.5 nm/cm both inclusive with paying attention to the distributions of 
signed birefringence values in the optical members. 

[0143] On the other hand, the projection optical systems in Comparative Example 1 to Comparative Example 3 had 
the signed birefringence characteristic values of not less than +0.5 nm/cm and failed to demonstrate the good imaging 
10 performance and the projection exposure apparatus using them failed to yield as good values of resolution as in Exam- 
ples 1 to 3. Particularly, in Comparative Example 3 the wavefront aberration of the entire projection optical system was 
far over the measurable range and it was thus impossible to measure the resolution. 



Industrial Utilization 

15 

[0144] As described above, the present invention allows us to quantitatively evaluate the nonuniform distributions 
of birefringence values in the optical members with attention on directions of the fast axis and further allows us to 
assemble the optical systems while quantitatively estimating the signed birefringence characteristic value of the entire 
optical system from the signed birefringence values of the respective optical members so as to cancel out the distribu- 
20 tions of birefringence in the optical members. Therefore, the invention permits minimization of the influence from the 
nonuniform distributions of birefringence values in the optical members on the imaging performance of the projection 
optical system or on the resolution of the projection exposure apparatus and thus provides the projection optical system 
with high imaging performance, the production method thereof, and the projection exposure apparatus capable of 
achieving the high resolution. 



25 



40 



Claims 



1 . A projection optical system comprising at least two silica glass optical members, wherein said optical members are 
combined with each other so as to satisfy such a placement condition that a signed birefringence characteristic 

30 value of the entire projection optical system is between -0.5 and +0.5 nm/cm both inclusive, said signed birefrin- 
gence characteristic value of the entire projection optical system being calculated in such away that a birefringence 
value is measured at each of points in a plane normal to the optical axis with a center at an intersection of each 
optical member with the optical axis, a distribution of signed birefringence values in each optical member is 
obtained based on the birefringence values and directions of the fast axis thereof, and the signed birefringence 

35 characteristic value is calculated based on the distributions of signed birefringence values. 

2. The projection optical system according to Claim 1 wherein said optical members are combined with each other so 
' as to further satisfy such a placement condition that a Strehl value of said signed birefringence values based on 

effective paths of the entire projection optical system is not less than 0.93. 



so 



in 



o. The projection optical system according to Claim 1 wherein said signed birefringence values around said center 
the plane normal to the optical axis of each said optical member is between -0.2 and +0.2 nm/cm both inclusive. 

4. The projection optical system according to Claim 1 wherein said distribution of signed birefringence values in the 
45 plane normal to the optical axis of each said optical member has no extremum except around said center. 

5. The projection optical system according to Claim 1 wherein a difference between a maximum and a minimum of 
said signed birefringence values in the plane normal to the optical axis of each said optical member is not more 
than 2.0 nm/cm. 

The projection optical system according to Claim 1 wherein a maximum of slope of said distribution of signed bire- 
fringence values in a radial direction in the plane normal to the optical axis of each said optical member is not more 
than 0.2 nm/cm per 10 mm of radial width. 

55 7. The projection optical system according to Claim 1 wherein said placement condition of the optical members based 
on the signed birefringence characteristic value of the entire projection optical system is expressed based on the 
following equations: 
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[InEqs. (1)to(6), 

i represents numbers (i = 1. 2 m; 2 <. m) of said optical members L constituting said projection optical sys- 
tem, 

j numbers (j = 1, 2 n; 1 <L n) of concentric circles C having the center on said optical axis and their respective 

radii from the optical axis different from each other, postulated on an effective section normal to the optical axis 
in said optical members L, 

k numbers (k = 1, 2 h; 1 <. h) of measuring points on the circumference of said concentric circles C, 

Ajjk said signed birefringence value at a kth measuring point P^ on the circumference of the concentric circle 
Ca in the optical member Li, 

By an average signed birefringence value as an arithmetic mean of signed birefringence values at measuring 
points on the circumference of the concentric circle C s in the optical member Li, 
Ti an apparent thickness of the optical member Li, 

E 9 an average signed birefringence amount which is the product of the average signed birefringence value Bg 
and the apparent thickness T|, 

D an apparent total path length of the entire projection optical system, 

G- an average change amount of signed birefringence values obtained by dividing the sum of average signed 
birefringence amounts Ey in the entire projection optical system by the total path length D, and 
H said signed birefringence characteristic value of the entire projection optical system obtained by dividing the 
sum of average change amounts Gj of signed birefringence values in the entire projection optical system by the 
number n of concentric circles.] 

The projection optical system according to Claim 1 wherein a placement condition of said optical members based 



EP 1 063 684 A1 



on a Strehl value of said signed birefringence values is expressed based on the following equations: 

0.93 £ S (7) 



m 



.2 . V i2 



10 



[In Eqs. (7) to (9), X represents a wavelength of a light source, 

15 X an average of said signed birefringence values determined front a distribution in an effective radial direction 

of said signed birefringence values based on effective paths obtained for the optical member Li by ray tracing 
of said entire projection optical system, 

o a standard deviation of said signed birefringence values determined from the distribution in the effective 
radial direction of said signed birefringence values based on the effective paths obtained for the optical mem- 
20 ber Li by ray tracing of said entire projection optical system, 

Sj Strehl intensities of said signed birefringence values based on the effective paths of said optical member Li, 

and 

S the Strehl value of said signed birefringence values based on the effective paths of the entire projection opti- 
cal system in a combination of all said optical members Li.] 

25 

9. A projection exposure apparatus comprising an exposure light source, a reticle in which a pattern original image is 
formed, an illumination optical system for illuminating said reticle with light emitted from said exposure light source, 
a projection optical system for projecting the pattern image from said reticle onto a photosensitive substrate, and 
an alignment system for achieving alignment between said reticle and said photosensitive substrate, 

30 wherein said projection optical system is the projection optical system as set forth in Claim 1 . 

10. The projection exposure apparatus according to Claim 9 wherein said exposure light source emits light of the wave- 
length of not more than 250 nm as exposure light 

35 11. A production method of a projection optical system comprising at least two silica glass optical members, said pro- 
duction method comprising: 

a step of measuring a birefringence value at each of points in a plane normal to the optical axis with a center 
at an intersection of each optical member with the optical axis and determining a distribution of signed birefrin- 
40 gence values in the plane normal to the optical axis, based on the birefringence values and directions of the 

fast axis thereof; 

a step of calculating a signed birefringence characteristic value of the entire projection optical system, based 
on the distributions of signed birefringence values of the respective optical members; and 
a step of combining said optical members with each other so as to satisfy such a placement condition that said 
45 signed birefringence characteristic value of the entire projection optical system is between -0.5 and +0.5 

nm/cm both inclusive. 

12. The production method of the projection optical system according to Claim 1 1 , further comprising: 

so a step of measuring a distribution of said signed birefringence values based on effective paths of each said 

optical member by ray tracing; 

a step of calculating a Strehl value of said signed birefringence values based on the effective paths of the entire 
projection optical system from the distributions of said signed birefringence values based on the effective paths 
of the respective optical members; and 
55 a step of combining said optical members with each other so as to satisfy such a placement condition that the 

Strehl value is not less than 0.93. 

13. The production method of the projection optical system according to Claim 11 wherein said optical members are 
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optical members in which said signed birefringence values around said center in the plane normal to said optical 
axis are between -0.2 and +0.2 nm/cm both inclusive. 

14. The production method of the projection optical system according to Claim 11 wherein said optical members are 
5 optical members in which the distribution of the signed birefringence values in the plane normal to the optical axis 

has no extremum except around said center. 

15. The production method of the projection optical system according to Claim 11 wherein said optical members are 
optical members in which a difference between a maximum and a minimum of said signed birefringence values in 

10 the plane normal to said optical axis is not more than 2.0 nm/cm. 

16. The production method of the projection optical system according to Claim 11 wherein said optical members are 
optical members in which a maximum of slope of the distribution of the signed birefringence values in a radial direc- 
tion in the plane normal to said optical axis is not more than 0.2 nm/cm per 10 mm of radial width. 



15 



20 



17. The production method of the projection optical system according to Claim 11 wherein the placement condition of 
said optical members based on the signed birefringence characteristic value of the entire projection optical system 
is derived based on the following equations: 

-0.5 £ H «S +0.5 nm/cm 0) 
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0 = 117-, (4) 
i=1 

E,-B ( xT, 0) 



[Eqs.(1)to(6), 

i represents numbers (i = 1, 2 m; 2 <. m) of said optical members L constituting said projection optical sys- 

jnumbers 0 = 1.2 n;1£n) of concentric circles C having the center on said optical axis and their respective 
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radii from the optical axis different from each other, postulated on an effective section normal to the optical axis 
in said optical members L, 

k numbers (k = 1 , 2,..., h; 1 £ h) of measuring points on the circumference of said concentric circles C, 
AjjK said signed birefringence value at a kth measuring point P gk on the circumference of the concentric circle 
5 Cji in the optical member U, 

Br an average signed birefringence value as an arithmetic mean of signed birefringence values at measuring 
points on the circumference of the concentric circle Cy in the optical member Li, 
Ti an apparent thickness of the optical member Li, 

Ey an average signed birefringence amount which is the product of the average signed birefringence value B ? 
10 and the apparent thickness T|, 

D an apparent total path length of the entire projection optical system, 

Gj an average change amount of signed birefringence values obtained by dividing the sum of average signed 
birefringence amounts E y in the entire projection optical system by the total path length D, and 
H said signed birefringence characteristic value of the entire projection optical system obtained by dividing the 
t5 sum of average change amounts Gj of signed birefringence values in the entire projection optical system by the 

number n of concentric circles.] 

18 The production method of the projection optical system according to Claim 11 wherein a placement condition of 
' said optical members based on a Strehl value of said signed birefringence values is derived based on the following 
20 equations: 

0.93 £ S ( ? ) 



m 



s = j[s, < 8 > 
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/=1 



8 , m ^.^m (9) 



*l.\T) K2 4 ) 

[In Eqs. (7) to (9), X represents a wavelength of a light source, 

X an average of said signed birefringence values determined from a distribution in an effective radial direction 
of said signed birefringence values based on effective paths obtained for the optical member Li by ray tracing 
of said entire projection optical system, 

o a standard deviation of said signed birefringence values determined from the distribution in the effective 
radial direction of said signed birefringence values based on the effective paths obtained for the optical mem- 
ber Li by ray tracing of said entire projection optical system, 

Sj Strehl intensities of said signed birefringence values based on the effective paths of said optical member Li, 

Sthe Strehl value of said signed birefringence values based on the effective paths of the entire projection opti- 
cal system in a combination of all said optical members Li.] 
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Fig.3B 
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Fig.6 
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